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Abstract 
Bio-liquefaction of coal is a potential technology of converting solid coal to liquid fuel/chemicals at ambient condition. Our 
previous research has successfully isolated one fungus called AH from Chinese mine environment to liquefy Chinese lignite. To 
help understand bio-liquefaction of Chinese lignite, this paper focused on characterization of fungus AH and bio-liquefaction 
products. Results showed that during bio-liquefaction of Chinese lignite, Fungus AH changed its growth rate and pH levels of 
culture media, compared with its normal growth. UV-VIS analysis showed that main components of bio-liquefied lignite (black 
liquid) were phenol derivatives, ketones and aldehydes. For IR analysis, bio-liquefaction products and pretreated lignite had 
similar IR spectra. For GC-MS analysis, 16 high-concentration compounds in black liquid were identified, of which, 11 belonged 
to aromatic acids or ethers. The average aromatic ring number of these 16 compounds was 0.875 less than 1.56 of pretreated 
lignite. 
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1. Introduction 
Coal is the main energy resource of China, which accounts for 91% of Chinese annual energy consumption and 
70% of Chinese total fossil energy reserves [1-2]. For a long time, coal will still keep dominating Chinese energy 
market [3]. Among different coal types, lignite is an important fossil energy resource in China. By the end of 1995, 
proved recoverable reverses of Chinese lignite was 130 billion tons, accounting for more than 13% of total coal 
reserve in China, and 190 billion tons according to the third nationwide coal prediction [4]. However, compared 
with bituminous and high rank coal, lignite has some disadvantages, such as high ash content (~21.9%), high water 
content (~35%), high sulfur content (for example, it is over 4.5% in Hainan lignite, China), low heating value (for 
example, it is only 19.39 MJ/kg of Enogene), degradation under windy conditions, and spontaneous combustion. 
Thus, lignite application is difficult and limited [5]. So far, lignite is mainly utilized by combustion to produce 
electricity or by pyrolysis to generate combustion gas. Those processes, however, not only require high input energy 
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 but also produce air pollutants such as sulfide and nitrogen oxides [6]. Therefore, it is necessary to develop a new 
technology to utilize lignite economically and environmentally. 
Bio-liquefaction of lignite to liquid fuel/chemicals is a potential technology, where lignite is liquefied by 
microorganism at ambient conditions without generation of air pollutants. In the 1980s, German researcher Fakoussa 
reported that microorganism showed the ability of liquefying lignite at room temperatures [7]. Later, more 
microorganisms with this ability were found and confirmed world widely by other researchers. Literatures showed 
that both bacteria and fungal were able to liquefy lignite. Bacteria include Bacillus cereus [8]. Fungal include 
Streptomyces badius, Polyporus versicolor and Trichoderma atroviride [9-11]. But, in our previous research, above 
microorganism could not liquefy Chinese lignite, so our research group isolated another microorganism, fungus AH, 
from decaying wood from Fushun Mine in China to liquefy Chinese lignite [12].  
In this study, we will first characterize fungus AH in terms of growth rate, pH variation and 18sRNA. Then 
liquefied lignite will be characterized using UV-VIS, IR and GC-MS. 
2. Materials and methods 
2.1. Lignite and pretreatments 
Fresh lignite was sampled from Fushun mine, Shenyang province, China, and ground to small particles with 
diameters of 1.5-2.5 mm in a grinding mill. These small lignite particles were further classified to four different 
fractions based on densities of 1.3, 1.5 and 1.7 kg/L using zinc chloride solution [13], by following floating-and 
sinking tests. Subsequently, each fraction was pretreated by putting it into 8 mol/L nitric acid with a concentration of 
0.375 g lignite per milliliter of nitric acid. Each pretreatment lasted 12 hours at room temperature and was followed 
by washing lignite using distilled water until the pH of filter increased to 5.6. Pretreated lignite particles then were 
dried at 80 °C and kept in a refrigerator at 4 °C, before being used for bio-liquefaction tests.  
Before tests, raw lignite and pretreated lignite were characterized in terms of elemental composition and 
distribution of pore size. Results (Table 1) of elemental analysis showed that pretreated lignite contained higher 
contents of nitrogen and oxygen than raw lignite. The main reason for this change was that nitrogen in nitric acid 
transferred to lignite and meanwhile, raw lignite was oxidized by nitric acid, resulting in higher oxygen content in 
pretreated lignite. Nitric acid pretreatment influenced lignite pore volume as well. For pretreated lignite, its pore 
volume of 2.320×10-3 mL/g was much higher than raw lignite of 7.069×10-5 mL/g (Table 1). It suggested that 
microorganism could more easily access to pretreated lignite so that liquefaction efficiency can be improved. In fact, 
our previous research found that bio-liquefaction percentage of nitric acid pretreated lignite was much higher than of 
raw lignite [14]. 
Table 1. Properties of raw Chinese lignite and nitric acid pretreated Chinese lignite* 
Properties RCL NA-CL 
C (wt%) 74.43 68.03 
H (wt%) 5.26 4.35 
N (wt%) 1.31 3.58 
S (wt%) 0.489 0.3095 
O (wt%) 18.51 23.73 
Pore volume (mL/g) 7.069×10-5 2.320×10-3 
Note: *: RL: raw Chinese lignite; NA-L: nitric acid pretreated Chinese lignite. Elemental analysis: contents of C, H, and N were directly 
measured by Hebi elemental analysis instrument. S content was also measured by sulfur meter. Oxygen content was calculated using following 
equation: O%=100-C%-H%-N%-S%. Pore volume measurement was carried out by Autosorb-1MP adsorption determinator of Quantachrome 
Co. 
2.2.  Procedure of bio-liquefaction of Chinese lignite 
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Bio-liquefaction of Chinese lignite was operated in 9 cm diameter Petri dishes. During the procedure, 40 mL of 
solid culture media containing (L-1): 40 g maltose, 10 g peptone, 18 g agar, was first prepared for each Petri dish, 
and then fungus AH was inoculated to the culture media and kept at 26.5 °C in a biological incubator for 
microorganism growth. As the fungus thread covered the surface of solid culture media, 1 g of pretreated Chinese 
lignite particles were put on it and then Petri dishes were kept at 26.5 °C. Taking that moment as zero time, we 
observed Petri dishes every 4 hours. Once bio-liquefaction products (black liquid) appeared in the Petri dishes, they 
were collected using a syringe and kept in a serum bottle for later chemical analysis. Until no black liquid was 
generated, residual lignite solids were collected and weighed. The overall liquefaction percentage was determined 
using Equation (1). 
 
1
0
(1 ) 1 0 0 %WP
W
= − ×                                                                                                                                         (1) 
 
where P=liquefaction percentage, W0= initial lignite mass (g), W1= residual lignite mass after bio-liquefaction (g). 
2.3. Characterization of fungus AH during bio-liquefaction  
Fungus AH was characterized in terms of growth rate and its effect on pH changes in culture media. However, 
since it is difficult to monitor above parameters in solid culture media, liquid culture media containing ((L-1): 40 g 
maltose, 10 g peptone, was chosen for characterization of fungus. AH. Each 500 mL flask contained 200 mL of 
liquid culture media, 10 grams of pretreated lignite and 1 cm2 of fungus AH’s thread. Then flasks were moved to a 
biological incubator at temperature 26.5 °C for bio-liquefaction. For each 3 days, fungal weight and pH level of 
liquid culture media were measured using a scale with resolution of 0.001 g and a PSH-31A pH meter.  
In addition, 18S rDNA of fungus AH was measured by Generay Biotech (Shanghai) Co., Ltd. to help 
preliminarily identify this microorganism.  
2.4. Chemical analysis of bio-liquefaction products 
Bio-liquefaction products were characterized by using ultraviolet-visible (UV-VIS) spectroscopy, infrared 
spectroscopy, and gas chromatography–mass spectrum (GC–MS).  
UV-VIS spectroscopy can determine whether unsaturated chemical bonds exist in bio-liquefaction products. In 
the UV-VIS spectroscopy analysis, the product was scanned with a light of wave lengths from 200 nm to 650 nm 
using a spectrophotometer (UV-2802pcs, UNICO). 
Infrared spectroscopy analysis can determine the specific organic chemical groups in bio-liquefaction product. 
For the infrared spectroscopy analysis, the water content of the bio-liquefaction product was removed by using a 
rotary evaporator, and then 0.2 g of the sample was pressed with KBr to make a pellet for analysis. The pellets were 
analyzed using an infrared spectrum analyzer (AVATAR 360, Nicolet) with light wave lengths from 4000 cm-1 to 
450 cm-1. 
Gas chromatography (GC) was used to separate the chemical components in bio-liquefaction products. The 
chemical structure of each component was subsequently identified by mass spectroscopy (MS). 1 mL of bio-
liquefaction products was analyzed using a Hewlett–Packard 6890/5973 GC–MS which was equipped with a 
capillary column with HP-101 and a quadrupole analyzer, and operated in electron impact (70 eV) mode. The mass 
scanned ranged from 30 amu to 500 amu. Data was acquired and processed using Chemstation (software), and the 
compounds were analyzed by comparing mass spectra with NIST05 database.  
3. Results and discussion 
3.1. Effect of lignite densities on bio-liquefaction percentages 
Results (see Fig. 1) showed that lignite densities influenced percentages of bio-liquefaction of lignite. The lower 
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 lignite density, the higher bio-liquefaction percentage was. As lignite density was lower than 1.3 kg/L, its bio-
liquefaction percentage reached to 44.86% by weight. But, for higher density lignite of 1.7 kg/L, the corresponding 
liquefaction percentage was only 6.94%. It indicated that only a part of lignite rather than all parts of lignite can be 
easily liquefied by microorganism. This trend also implied that pre-separation process of lignite based on density 
difference could help improve bio-liquefaction percentages. 
The possible reason behind this trend is that low density lignite contains simpler organic chemical structures than 
high density part featuring complicated organic components. According to the general principle of microbial 
decomposition of organic chemicals, simple chemicals are preferred by microbial decomposition, compared with 
complicated and high molecular weight chemicals. In addition, high density lignite contains some inorganic 
chemicals, including self-existent mineral substance (such as Kaolin, montmorillonite, pyrites, calcspar and quartz) 
and associated ore in the form of carboxylates, are hardly decomposed by microorganism, thus resulting in low bio-
liquefaction percentage. 
3.2. Variation of growth rate and pH during bio-liquefaction of Chinese lignite by fungus. AH 
Fungus AH was inoculated in liquid culture media and incubated at 27.5 °C on a 110 rpm shaking table. On the 
third day, several flaks were added pretreated lignite and other flaks were not added lignite particles as control tests. 
At the same time, the controls were filtrated to measure mycelia dry weight to determine its growth. Results 
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Fig. 1. Effect of lignite density on percentages of bio-liquefaction of Chinese lignite    Fig. 2) showed that the 
growth of fungus. AH began to decline after 2-week incubation. During the period of 1 to 14 days, pH of liquid 
media without pretreated lignite increased, possibly due to some alkaline chemicals like amine from fungus AH. 
But, pH stated to decline after 14 days. This change could be contributed to acidity of aging mycelia. In bio-
liquefaction tests, 1 g pretreated lignite was added on the third day when fungus AH grew well, and then pH 
decreased from 6.4 to 5.2, which was caused by some acid releasing out of pretreated lignite. Three days latter, pH 
continued to decline to 3.9. However, as alkaline materials excreted into liquefaction system, pH began to increase 
and maintained this level for almost a week. This can be interpreted that excreted alkaline chemicals reacted with 
pretreated lignite. On the 19th day, alkaline liquefaction almost stopped. Meanwhile pH increased again with the 
same trend obtained in liquid media without pretreated lignite. In this cause, pH increase could be caused by acidic 
products from bio-liquefaction products.  
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Fig. 1. Effect of lignite density on percentages of bio-liquefaction of Chinese lignite    Fig. 2. Growth rate and pH during bio-liquefaction of 
Chinese lignite 
3.3. 18S rDNA analysis of fungus AH 
18S rDNA of fungus AH was studied. By searching and comparing this sequence in “Gene Bank” in NCBI, three 
high matched results showed that this microorganism has been discovered by United States, Greece and New 
Zealand. Other researchers also isolated it from woody samples. It indicated that some lignin decomposing 
microorganisms can liquefy lignite. Further by comparing DNA sequence, it was found that fungus AH belongs to 
Ascomycota, Hypocrea. Below is the DNA sequence of this microorganism. 
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TCCGTAGGTGAACCTGCGGAGGGATCATTACCGAGTTTACAACTCCCAAACCCAATGTGAACGTTA
CCAAACTGTTGCCTCGGCGGGATCTCTGCCCCGGGTGCGTCGCAGCCCCGGACCAAGGCGCCCGCCGG
AGGACCAACCAAAACTCTTTTTGTATACCCCCTCGCGGGTTTTTTATAATCTGAGCCTTCTCGGCGCCT
CTCGTAGGCGTTTCGAAAATGAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAG
AACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCAC
ATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGG
GGGTCGGCGTTGGGGATCGGCCCTGCCTCTTGGCGGTGGCCGTCTCCGAAATACAGTGGCGGTCTCGC
CGCAGCCTCTCCTGCGCAGTAGTTTGCACACTCGCATCGGGAGCGCGGCGCGTCCACAGCCGTTAAAC
ACCCAACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCATATCAATAAG
CGGAGGA 
3.4. UV-VIS analysis of bio-liquefaction products 
Black liquid products collected from solid culture media in different days were scanned by UV-Vis 
spectrophotometer from 200 to 650 nm. Results (Fig. 3) show that absorption intension was weak in liquation 
prophase (the first week). On the third day, the maximum absorption was at about 290 nm, while on the fifth day, it 
moved to 280 nm, which represent main absorbance of B strip of auxochrome phenol derivatives such as aniline. 
During liquation anaphase, absorption became strong with maximum at about 240 nm, indicating that alkyl 
substitutes of unsaturated aldehydes and ketones were in black liquid products. 
3.5. IR analysis of bio-liquefaction products 
Compared with that raw Chinese lignite, IR spectrum of pretreated Chinese lignite had special absorbance bands 
as follows (see Error! Reference source not found.): 1160-1070 cm-1: Unsymmetrical stretching of ether C-O-C 
in fat; 1640-1560 cm-1, 900-650 cm-1: In and out plane bending vibration of-NH2; 1580-1490 cm-1: bending 
vibration of -NH-; 1230-1030 cm-1: Stretching of R-N; 1360-1250 cm-1: Stretching of Ar-N; 1710 cm-1, 1300 cm-
1: Stretching of C=O in aromatics; 1300-1200 cm-1: Stretching of N-O in aromatics; 710-690 cm-1: Out plane 
bending vibration of benzene. These special bands implied the existence of nitrogen and oxygen element. This result 
is consistent with elemental analysis (Table 1) where pretreated Chinese lignite had higher nitrogen and oxygen 
content than the raw lignite. 
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Fig. 3. UV-Vis spectrums of bio-liquefaction product       Fig. 4. Infrared ray absorption spectra of raw lignite, pretreated lignite and bio-
liquefaction product 
IR spectrum of bio-liquefaction products was almost the same as that of pretreated Chinese lignite (see Error! 
Reference source not found.), except for weaker absorbance at 1700 cm-1 (Stretching of aldehyde group in 
aromatics) and strong absorbance at around 1390 cm-1 (stretching of CH2) which indicated that the concentration of 
saturation of carbon chain increased was mainly due to some aromatic rings were opened and hydrogenated by 
fungus AH. 
3.6. GC-MS analysis of bio-liquefaction products 
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 Bio-liquefaction products produced based on solid media were concentrated and then extracted by petroleum 
ether, carbon tetrachloride, benzene, propanone and methanol, with increasing polarities. But, only methanol totally 
dissolved bio-liquefaction products. This showed that liquefaction products had high polarity. By GC-MS analyses 
of methanol extract, 64 products were detected, of which, 16 chemicals had high concentration. Among 16 high-
concentration chemicals, 11 compounds were aromatic carboxylic acid or aromatic esters with one to three benzenes 
and 5 compounds had hydrocarbon chain structures (see Fig. 5). By considering structures of 16 high-concentration 
components (see Fig. 5), the weighted average aromatic ring number of bio-liquefaction products was 0.875. 
According to Van Krevelen’s theory [15], aromaticity (fa) and average condensed ring (R) can be calculated by 
Equation (2) and (3). So regarding pretreated Chinese lignite, fa=0.28 and R=1.56. But, R of bio-liquefaction 
products reduced to 0.39, indicating some aromatic rings were decomposed.  
a
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Fig. 5. Mass spectra 16 highly matched component of bio-liquefaction products 
4. Conclusions  
1) Fungus AH showed the ability to liquefy Chinese lignite. Using lignite samples with < 1.3kg/L density, bio-
liquefaction percentage was up to 44.86%. 
2) Under conditions of bio-liquefaction of Chinese lignite, fungus AH changed its growth rate and pH levels of 
reaction media, compared wit its normal growth. 18S rDNA analysis revealed that fungus AH belongs to 
Ascomycota, Hypocrea. 
3) UV-VIS analysis showed that main components of bio-liquefied lignite (black liquid) were phenol derivatives, 
ketones and aldehydes. For IR analysis, bio-liquefaction products and pretreated lignite had similar IR spectra. For 
GC-MS analysis, 16 high-concentration compounds in black liquid were identified, of which, 11 belonged to 
aromatic acids or ethers. The average aromatic ring number of these 16 compounds was 0.875 less than 1.56 of 
pretreated lignite, indicating aromatic structures of lignite was opened and decomposed to simpler structures. 
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